Abstract. It is currently believed that the turbulent fluctuations pervade the outermost heliosphere. Turbulence, magnetic reconnection, and their reciprocal link may be responsible for magnetic energy conversion in these regions. The governing mechanisms of such anisotropic and compressible magnetic turbulence in the inner heliosheath (IHS) and in the local interstellar medium (LISM) still lack a thorough description. The present literature mainly concerns large scales which are not representative of the inertial-cascade dynamics of turbulence. Moreover, lack of broadband spectral analysis makes the IHS dynamics remain critically understudied. Our recent study [1] shows that 48 s magnetic-field data from the Voyager mission are appropriate for a spectral analysis over a frequency range of six decades, from 5 × 10 −8 Hz to 10 −2 Hz. Here, focusing on the Voyager 2 observation interval from 2013.824 to 2016.0, we describe the structure of turbulence in a sector zone of the IHS. A spectral break at about 7 × 10 −7
Introduction
The Voyagers (V1, V2) are the only operating spacecraft providing us with in situ data from the outermost part of heliosphere. The inner heliosheath (IHS) is the region of space between the termination shock (TS) and the heliopause (HP). The HP is a tangential discontinuity that separates the solar wind (SW) from the local interstellar medium (LISM).
Major scientific questions are related to the physical processes responsible for the conversion of magnetic energy and SW heating, acceleration and transport of energetic particles [2, 3, 4, 5, 6] , existence and topology of the sector (swept by the heliospheric current sheet, HCS) and unipolar regions of the IHS [7, 8] , and coupling between the interstellar and heliospheric magnetic fields [9] . For details, we refer the reader to three comprehensive reviews of the heliosheath plasma and related physical processes [10, 11, 12] .
These topics are tightly linked to the turbulent nature of the IHS/LISM plasma and magnetic fields [13, 14, 15, 16, 17, 1] , and the potential presence of magnetic reconnection [18, 7, 19, 20, 9] . Heliospheric numerical simulations are shedding light on the three-dimensional heliospheric structure (see, e.g. [21, 22, 23, 9, 24] ). Notably, taking into account the solar-cycle variations made it possible to reproduce many observed features of the IHS and LISM bulk plasma flow and magnetic field. Moreover, it has been shown that the transition to chaos is possible, and the turbulence may be responsible for the SW heating and the observed average values of the heliospheric magnetic field [22, 20] . However, resolving the inertial range of turbulent fluctuations (say, 1.5 AU) numerically is still unfeasible except for a very small computational domain, which makes the spectral analysis of Voyagers' data over a broad range of spatial and temporal scales highly desirable to improve and constrain the models. Unfortunately, the intrinsically space-and time-local, one-dimensional nature of spacecraft measurements, lack of plasma data at V1, presence of data gaps, and high level of noise in general, make such analysis nontrivial.
This study extends our recent work [1] , where a spectral analysis of V1 and V2 data magnetic field data was performed for several IHS and LISM periods (in both unipolar and sector zones). It was made for a range of scales unprecedented in the literature (spacecraft-frame frequencies 10 −8 < f < 10 −2 Hz, corresponding spatial scales 5 × 10 −5 < < 65 AU). Following the same line of research, here we focus on the most recent V2 data publicly available. In particular, we analyze the V2 magnetic field measurements from 2013.824 (day-of-year 300) to 2016.0. The plasma and magnetic fields observed by V2 during 2015 have been discussed in details in [25] . Previously, in [26] , it was shown that near 2013.824 at 103 AU V2 entered the IHS sector region, which was likely due to the increasing latitudinal extent of the HCS related to the near-maximum solar conditions. Here, we investigate the spectral properties of magnetic field fluctuations in the energy-injection and inertial-cascade ranges of turbulence, with focus on the variance anisotropy, the presence of compressible modes, and high-order multi-scale statistics.
In section 2 we present details of the data set used for this study and the methodology adopted for multi-scale analyses. In section 3 results are shown: 3.1 discusses the energy-injection regime of fluctuations and 3.2 is focused on the inertial-cascade of turbulence.
We believe that these analyses will be of importance for the improvement of existing theoretical and numerical IHS models.
Data
In the time interval from 2013.824 to 2016.0, V2 was traveling at an heliocentric distance of 106.5±3.4 AU, latitude of −30.5 • and longitude −217.5 • in HelioGraphic Inertial (HGI) coordinates. Since the sector-boundary crossing in 2013.824, V2 has been traveling inside the sector region of the IHS [27] . This study considers magnetic field in situ data provided by the V2 MAG experiment [28] . The field's magnitude and angles are shown in Figure 1 . To explore a broad range of scales, we used data at the highest sampling rate publicly available, i.e., the 48 s resolution (processed data can be downloaded from the NASA's Space Physics Data Facility https://spdf.gsfc.nasa.gov/). Data are provided in the HGI RTN coordinate reference system, but for the purpose of this study it was convenient to adopt a reference frame having one axis aligned with the average field B 0 (the axis). The ⊥ 1 and the ⊥ 2 axes form the plane orthogonal to B 0 , with B ⊥1 belonging the T-N plane. Given that in the IHS B 0 is nearly aligned with the T direction, it follows that ⊥ 1 is approximately aligned with N and ⊥ 2 with R.
Computing the power spectral density (PSD) is challenging due to the sparsity of the Voyager data set. In the interval considered in this study, 72% of 48 s data points are missing. Typically, the data gaps of 8-16 hours in the IHS are largely due to ground tracking issues and occur once a day. The average frequency of the largest gap is f gap = 2.4 × 10 −5 Hz. The PSD is computed on the basis a comparative analysis of four spectral estimation methods (Compressed Sensing CS, linear interpolation CI, optimization of model spectra OP, Fourier transform of gap-free subsets SS). These techniques have been successfully adopted already in our previous papers on the SW turbulence at 5 AU [29, 30, 31] , and in the recent study [1] regarding IHS and LISM turbulence. CS and SS has also been used in [32] to analyze turbulence in the Earth's magnetosphere, in proximity of the magnetopause. Scripts and detailed descriptions of all methods are provided in the Supplemental Material of [31] and in Chap. 4 of [33] . Some tests specific to IHS data can be found in Appendix A of [1] . The accuracy of Voyager observations is affected by the level of noise. This includes the magnetometer's sensibility (0.006 nT), and various sources of noise such as the telemetry system, the interference with other instruments, and the calibration process. The resulting 1σ error of magnetic field components is estimated to set around 0.03 nT [34] . The actual level and distribution of the noise are unknown and may differ from the above estimate. If a white-noise model with the amplitude of 0.03 nT is considered, the PSD is constant and equal to 0.029 nT 2 s. This threshold is represented in all figures with a gray band. It can be noticed, however, that the actual level of noise may be lower for the period considered here, since a serious spectral flattening is not observed until f ≈ 10 −3 Hz. In fact, this frequency intercepts the spectra at P ≈ 10 −3 nT 2 s, which would correspond to a white noise of 0.0056 nT amplitude (see Figure  2 (a)). Consequently, as discussed in §3, the present spectral analysis may be affected by the noise in the frequency range 4 × 10 −4 f 10 −2 Hz, which likely includes the transitional MHD-to-kinetic regime of magnetic turbulence.
Higher-order statistics of magnetic field increments (the structure functions, in the time domain) are computed from both 48 s data and 1824 s averages, which helps to estimate the effect of noise. The p-th structure function of the j-th magnetic field component is defined as S p,j (τ ) = |∆B j | p , where ∆B j (t; τ ) = B j (t) − B j (t + τ ) is the magnetic field increment of the j-th component for the time lag τ , and angle brackets denote the time-average for the period analyzed (as usual, this assumes ergodicity of the underlying physical processes). We computed S p,j from available data points as
where ∆t s = 48 s (or 1824 s), and n = 401600 (or 10200) is the total number of points of the data set. N (τ ) is the number of the available increments ∆B(t i , τ ). Note that for contiguous data sets N (τ ) is necessarily a linearly-decreasing function of the time lag, due to the limitedness of the data sequence. In the case of Voyager data sets in the IHS, however, due to data gaps N (τ ) is also oscillating, with minima at multiples of τ gap = 1/f gap ≈ 11.5 hours, that corresponds to the periodicity of large gaps. Points with smaller statistical significance (when
) have been disregarded in the computation of power-law exponents (Table 2 ) and are shown in gray in Figure 3 (a). The figure will also reports the fluctuation intensity ratio I(τ ) = |∆B|/B τ between the the magnitude of the increments defined above and the average magnitude between the instant t and t + τ , B τ (t; τ ). Figure 2 (a) shows the power spectral density (PSD, or P ) of the magnetic field components. The red, green and blue curves stand for δB , δB ⊥1 , δB ⊥2 , respectively, while the total magnetic energy
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] is represented in black. Figure 2 (b) shows the spectral variance anisotropy and a proxy for spectral compressibility. The former is defined as
/E m , the ratio between the spectrum of the magnetic field magnitude and the trace. It is considered here as a proxy for the density fluctuations, as they are typically strongly correlated with the fluctuations of magnetic field magnitude [35] . Note that most of notations and definitions that we use in the present work are the same as in [1] . Inevitably, single-spacecraft measurements cannot provide the omni-directional spectrum but only the reduced one (1D), containing the contribution of all vector wavenumbers. Since the spacecraft speed during the analyzed period is about 0.1 of the bulk wind speed (V SW ≈ 150 km/s) and about 0.3 of the Alfvén speed (V A ≈ 53 km/s), we used the Taylor's hypothesis to convert the spacecraft-frame (SC) frequencies to wavenumbers [36] . The average magnetic field being nearly orthogonal to the wind direction, such wavenumbers can be interpreted as perpendicular to B 0 , k ⊥ ≈ 2πf SC /V SW . This information can be used to compare the present results with theoretical findings on the spectral scaling laws of anisotropic turbulence [37] , and to estimate the order of magnitude of magnetic structures in the direction of the wind (the average azimuthal and elevation angles of the thermal plasma flow are λ v = 43 • and δ v = −25 • , respectively). However, it should be reminded that the application of the Taylor's hypothesis in the IHS is more critical than in the supersonic SW upstream the termination shock, and that it may not be applicable in the high-frequency range of the spectrum, especially if the dispersive waves play an important role. Hz Table 1 offers the average quantities, typical length scales, and frequencies. Table 2 summarizes the results of the fluctuation analysis. The left panel of Figure 3 shows the structure functions of magnetic field increments for parallel fluctuations (S p, , red curves) and perpendicular fluctuations (S p,⊥ = [S p,⊥1 + S p,⊥2 ]/2, blue curves). In the insert of panel (a), the fluctuation intensity ratio I is shown. The right panel shows the scale-dependent kurtosis of magnetic increments for the three field components, K j = S 4,j /S 2 2,j , a measure of intermittency. The range of scales considered in this study, f ∈ [10 −8 , 10 −2 ] Hz, allows us to identify the large-scale, MHD, energy-injection and inertial-cascade regimes of turbulence. In principle, the transition to the kinetic regime should also be observed. In fact, the gyrofrequency of thermal protons, f cp , is around 1.6 mHz in the plasma reference frame, and 0.03 Hz if converted to the spacecraft-frame frequency through the Larmor radius r cp ≈ 3000 km. Ion inertial-scale structures (r i ≈ 5000 km) may be detected at a frequency of 0.01 Hz as well. However, as discussed in §2, noise in the data limits the investigation to scales larger than 5 × 10 −4 Hz, at least at the current stage of the research.
Note that about 95% of thermal energy of ions in the heliosheath belongs to the population of pickup-ions (PUI) [38, 39, 40] . Thus, PUIs are expected to have a relevant mediation effect on the turbulence, such as that documented in [41, 42, 43] . The gyroradius of a 1 keV pickup proton is about 40000 km, which may be detected in the V2 spectrum at frequencies around 1.5 mHz.
Energy-injection regime (EI)
A large-scale energy-injection regime is identified at spacecraft-frame frequencies less than f b1 ≈ 7 × 10 −7 Hz, where a spectral break takes place, as shown in Figure 2 . This frequency corresponds to a spatial scale of about b1 ≈ 1.3 AU. In this regime, the power spectral density decays slowly, with a spectral index α EI ≈ −1.26. We have shown that the extension of the EI range can vary significantly in different heliosheath regions, in particular the threshold frequency is larger during unipolar periods [1] . We also note that the EI energy decay rate observed here is faster than that observed in earlier periods. The break at f b1 is indeed difficult to recognize by looking at the spectrum only. However, it is clearly distinguishable from the power-law variation of the structure functions and the kurtosis shown in Figure 3 (τ b1 = 1/f b1 ).
In the SW upstream of the TS, this EI range with the frequency scaling of ∼ 1/f is found to be related to the Alfvénicity of fluctuations and, in particular, it is more extended in fastwind streams [45] . In fact, large-scale Alfvénic waves in this regime did not experience yet a sufficient nonlinear interaction to produce a turbulent cascade and form a reservoir of energy for turbulence at smaller scales. The Sun rotation provides some forcing to the system. It acts at f sun ≈ 4.5 × 10 −7 Hz. This determines the nominal width of magnetic sectors, which is around 2 AU in the IHS. Moreover, the causality condition implies that fluctuations with spacecraft-frame frequencies below a specific threshold f e cannot be considered as "true" fluctuations, since they are either waves of wavelengths larger than the distance between the spacecraft and their source, or equivalently, vortexes that did not experience yet one eddy-turnover (the typical nonlinear time scale). As a reasonable approximation for this scale we use f e ≈ πV 2 SW /[V A (r SC − r source )], where r SC is the spacecraft location and r source the location of the fluctuation's source. We consider the termination shock as a source location (r source ≈ 84 AU), which yields the value of f e ≈ 4 × 10 −7 Hz reported in the figures. If the Sun is considered as the source point, (r source = 0), f e ≈ 10 −8 Hz. The former choice better agrees with the observed location of the large-scale spectral break. Notice also that the IHS width should be considered as the outer scale of the system (see the sub-panel of Figure 3a ). Voyager 1 (V1) crossed the HP at 121.5 AU, 27 AU away from the point where it crossed the TS.
The EI regime is also identified from the structure functions of magnetic field increments as shown in Figure 3 (a) for both parallel (with respect to B 0 ) and perpendicular fluctuations. In fact, the spectral break fairly well corresponds to a change in the behavior of the structure functions, which follow flatter trends -not typical of fully-developed turbulence -for time lags τ > τ b1 . The EI range is not intermittent, as the kurtosis is close to Gaussian values (see the left panel of Figure 3 ). At τ 10 7 s ( ∼ 10 AU), a peak and further flattening of S p is observed. We note that these scales are close to the outer scale of the system, but the statistic is insufficient to derive conclusions.
It should be noted that compressibility is also small (C ≈ 0.2), as shown by the black curve in the right panel of Figure 2 . In this regard, we emphasize that the high energy of δB (red curve in Figure 2 ) at these scales is not related to the presence of compressible modes, but rather to changes in the magnetic field polarity, clearly visible from the time history of the azimuthal angle in the second panel of Figure 1 . In the limit of incompressible fluctuations (constant |B|), it has been recently shown for near-Earth SW that the Kolmogorov's turbulent cascade is saturated and cannot subsist at scales, where I(τ ) exceeds the unity, resulting in a ∼ 1/f spectral power law in the EI range [44] . Here, this relationship is observed in the IHS for the first time, as shown in Figure 3 (a) (black curve in the sub-panel). The connection between scale-dependent compressibility and spectral regimes in the IHS was previously pointed out in [1] , but without reference to the quantity I. 
Inertial-cascade regime (IC)
The range of fluctuations with frequency between f b1 and 10 −3 Hz can be referred to as the magnetohydrodynamic inertial-cascade regime of magnetic turbulence. Within IC, we highlight a second typical scale of magnetic fluctuations. In fact, it is seen that a spectral steepening takes place at f b2 ≈ 6 × 10 −5 Hz ( b2 ≈ 2.5 × 10 6 km). This scale splits the IC range in two subranges which will be named IC1 and IC2, respectively. For f b1 < f < f b2 , we observe a defined power-law energy decay with a spectral index α IC1 ≈ −1.5 for E m . This may be consistent with an anisotropic Iroshnikov-Kraichnan scaling. However, here the role of δB is important and they contribute mostly to the fluctuation of the magnetic field's magnitude, as shown in Figure 2 (b). The fraction of fluctuating energy due to compressible fluctuations increases from 0.2 to 0.6 in IC1, reaching the maximum at f b2 . The inertial cascade regime is featured by a power-law behavior of the structure functions. In particular, in the IC1 range S p show defined power laws with exponents typical of MHD turbulence ( Figure 3 ). The exponents ζ p, , ζ p,⊥ are computed by linear regression in the log-log plane, excluding points with lower statistical significance due to data gaps (shown in gray in panel (a)), and are reported in Table 2 . The comparison with existing theoretical models is better done computing the exponents relative to S 3 . This was done via the extended self-similarity principle (ESS) by which S p ∼ S ζ ESS 3 [46] . It is found that S p [S 3 (τ )] exhibits a significantly broader scaling range than S p (τ ), extending Oscillations are due to the data gaps in the time sequence. When the counter N (τ ) is less than 1/4 of the maximum value, the color switches to gray. The vertical lines indicate the two spectral breaks (τ b1 and τ b2 , respectively), the 1-eddy-turnover time scale (τ e ), and the Sun rotation period (τ sun ). The panel insert shows I(τ ) = |∆B|/B τ . Note that at the EI-to-IC spectral break I(τ b1 ) ≈ 1, the upper limit for the turbulent cascade expected for incompressible fluctuations [44] . Here, we also indicate IHS ≈ V SW /τ IHS ≈ 30 AU, that represents the IHS's width in the wind direction, under the Taylor's approximation. (b) Scale-dependent kurtosis of magnetic increments for all the field components. It is observed that both S p and K fit power laws in the inertial-cascade range between the spectral breaks (K ∼ τ [−0.25,−0.14] ). The energy-injection range is not intermittent. beyond the inertial range. This makes it possible to perform an accurate computation of the scaling exponents. The kurtosis shown in Figure 3 (b) displays an increase in the IC1 range which fits the power laws
19 , where the fit of 48 s and 1824 s data gives the uncertainty of ±0.02 for the exponent. The maximum intermittency is achieved around τ b2 = 1/f b2 . In the IC2 range, the intermittency reduces and Gaussian values of K are found for τ 2000 s. This may be an artifact due to noise in data. However, the peak of activity at τ b2 seems physical and deserves further investigation in future studies. Indeed, it is worth noticing that the power spectrum is steeper on such scales, with a spectral index α IC2 ≈ 2.2 for δB (Figure 2 ).
Conclusions
This study reports on the Voyager 2 observations of magnetic turbulence in the inner heliosheath from 2013.824 to 2016.0, when V2 was at 106.5±3.4 AU from the Sun. It is believed that during this period the spacecraft was inside the sector region of the inner heliosheath. The present paper shows follow-up results of our recent work [1] , where the spectral properties of magnetic field fluctuations have been shown for a collection of several unipolar and sector IHS regions, and for LISM intervals, for a spectral bandwidth over six decades. We identify two scales that may be characteristic to the turbulence in this region. The first scale is located at f b1 ≈ 7 × 10 −7 Hz (spacecraft-frame frequency), which corresponds to structures of size b1 ≈ 1.3 AU in the solar wind direction -under the Taylor's approximation. This scale seems discriminating the energy-injection range of magnetic field fluctuations from a second regime which can be interpreted as the inertial-cascade range of turbulence. The first regime consists of incompressible and non-intermittent fluctuations, following a power law for the reduced power spectra with spectral index α EI ≈ −1.25. At these scales, the magnitude of magnetic field increments is between one and two times the average magnetic field's strength.
The inertial-cascade regime displays a spectral index about α IC1 ≈ −1.5 and power-law growing intermittency. Here, we observe a second scale located at f b2 ≈ 6×10 −5 Hz ( b2 ≈ 0.017 AU), where a faster cascade is observed until 5×10 −4 Hz, especially in the B-parallel fluctuations (α IC2 ≈ −2). Concurrently, here the maximum compressibility and intermittency are observed. Higher frequencies, up to 0.01 Hz, should include the transition from the magnetohydrodynamic regime to the kinetic regime. However, this range could be affected by noise in the data and was not considered in the present discussion. The influence of energetic particle populations as well as the potential presence of turbulent magnetic reconnection should be considered in future research in order to shed light into the nature of these observations.
